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Abstract This paper presents the results of ionization scheme development for applica-
tion at the ISOLDE Resonance Ionization Laser Ion Source (RILIS). Two new ionization
schemes for mercury are presented: a three-step three-resonance ionization scheme, ioniz-
ing via an excitation to a Rydberg level and a three-step two-resonance ionization scheme,
with a non-resonant final step to the ionization continuum that corresponded to a factor of
four higher ionization efficiency. The efficiency of the optimal mercury ionization scheme
was measured, together with the efficiency of a new three-step three resonance ionization
scheme for tellurium. The efficiencies of the mercury and tellurium ionization schemes
were determined to be 6 % and >18 % respectively.
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1 Introduction
The Resonance Ionization Laser Ion Source (RILIS) [1, 2] is the principal ion source of the
ISOLDE radioactive ion beam facility [3] based at CERN, scheduled for >75 % of exper-
iments in 2016. The RILIS targets sequential atomic resonances to achieve the step-wise
excitation of a valence electron, followed by a final transition resulting in ionization. The
final step transition is either an excitation to an autoionizing state, a Rydberg level or a
non-resonant transition to the ionization continuum. The sequential series of atomic exci-
tations is termed the “ionization scheme” of the element. The primary advantage of the
RILIS, with respect to the other ionization mechanisms employed at ISOLDE, is the element
selective nature of the ionization process. This is crucial, when the production of isobaric
contaminants can be orders of magnitude higher than that of the isotope of interest. The
prerequisite for applying the RILIS to a particular element is that a multi-step ionization
scheme must be developed. Following the determination the ionization scheme correspond-
ing to the highest ion signal, the absolute efficiency of the ionization scheme is measured.
This enables an assessment of the suitability of the ionization scheme for application
at ISOLDE.
1.1 Mercury
A pre-existing ionization scheme for mercury, was based on a publication by A.A. Podshiv-
alov et al. [4]. It was determined to have an ionization efficiency of 0.1 % when tested at the
ISOLDE RILIS [5]. The three step ({λ1 |λ2| λ3} = {254 nm|313 nm|626 nm}) ionization
scheme from [4] uses the residual 626 nm fundamental light from the 2ω conversion process
(producing the 313 nm second step) as the final ionizing transition. It was suggested that
the 626 nm light accessed a favourable part of the ionization continuum due to the vicin-
ity of autoionizing states. By comparison, the reported ionization efficiency of the FEBIAD
type ion source for mercury is 60 % [6]. There was therefore limited interest for the appli-
cation of the RILIS scheme on-line at ISOLDE. A more efficient ionization scheme was
required to facilitate an in-source resonance ionization spectroscopy experiment of mer-
cury isotopes, seeking to extend the optical measurements of the mercury isotope chain
further into the neutron rich and neutron deficient regions of the nuclear chart [7]. The
spectroscopic investigations that resulted in a new mercury ionization scheme are pre-
sented in Section 3.1 and the efficiency measurement of this ionization scheme is presented
in Section 3.2.
1.2 Tellurium
A RILIS scheme for tellurium was requested to enable signal identification for a Coulomb
excitation experiment [8]. Blocking one of the resonant transitions removes the laser ionized
component of the ion beam directed to an experiment, while preserving the contamination
ionized by other mechanisms, thereby enabling the identification of signals related to the
isotope of interest. The tellurium ionization scheme development was detailed in [9]. In
order to be applied for standard radioactive ion beam production at ISOLDE, the efficiency
of the ionization scheme had to be determined. The results of the efficiency measurement
are presented in Section 3.3.
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Fig. 1 Schematic of the experimental set-up used for the development and testing of ionization schemes of
mercury and tellurium for the ISOLDE RILIS
2 Experimental method
The process of RILIS ionization scheme development at ISOLDE is outlined in [9] and [10].
Following the identification of potentially suitable atomic transitions based on literature
data, spectroscopic studies and efficiency measurements are carried out. During standard
ISOLDE operation for the production of radioactive isotopes, reaction products are pro-
duced by impinging 1.4 GeV protons onto target material mounted inside an ISOLDE target
units. The target material is heated depending on the material type, enabling the reaction
products to diffuse through the target material and then effuse via a transfer line to the ion
source. For RILIS operation and ionization scheme development, a hot cavity ion source (a
tungsten or tantalum tube 34 mm in length with an internal diameter of 3 mm and heated
to ∼ 2000◦C) is typically used. The ionization scheme development reported here took
place at ISOLDE. A modified target unit was used, containing a hot cavity ion source with
an independently heated refractory metal capillary attached to the rear, but no target for
nuclear reactions. The capillary contained a stable sample “mass marker” of the element of
interest. The modified target unit was mounted on a “front-end” connected to one of the
dipole mass separators and optically to the ISOLDE RILIS laser system. This configura-
tion for ’off-line’ ionization scheme development, ensures the applicability of the results
to “on-line” ISOLDE operation. The RILIS lasers are a combination of tunable dye and
titanium:sapphire (Ti:Sa) lasers and non-tunable Nd:YAG and Nd:YVO4 lasers, all pulsed
at 10 kHz. The full laser parameters can be found in [2]. A schematic of the experimental
set-up is presented in Fig. 1.
As depicted in Fig. 1, laser light from the RILIS lasers is focussed using telescopes
located in the laser room and directed via an optical launch and transport system, through
a window in the dipole separator magnet, to converge in an ion source cavity. During ion-
ization scheme development, a mass marker containing the equivalent of ∼10000 nAh of
the element of interest is used (assuming their 100 % conversion to singly charged ions),
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to ensure a sufficient supply of atoms during the spectroscopic investigations. The known
resonant transitions are verified by directing the lasers to the ion source while heating the
excess mass marker and detecting the ions on a Faraday cup inserted in the focal plane of the
dipole mass separator. Following this, a tunable final step laser is introduced to search for
autoionizing states or investigate Rydberg levels. While the final step laser is scanned, the
ion current is measured with the Faraday cup and the laser wavelengths are measured with
a HighFinesse/A˚ngstrom WS7 wavelength meter. The various experimental parameters are
combined and recorded by a LabVIEW based data recording system [11]. Once an optimal
scheme has been determined, a calibrated mass marker of typically between 1000 nAh and
2000 nAh is evaporated, while the ion current is measured with a Faraday cup. A Faraday
cup measurement is recorded periodically during the evaporation of the sample, to enable
the determination of the average recorded signal and thus the efficiency of the ionization
scheme. During the tests reported here, a Faraday cup measurement was recorded every 10 s
and 1 s for the mercury and tellurium efficiency measurements respectively. The final effi-
ciency value is therefore a combined efficiency of the ionization, extraction and ion beam
transport through the dipole mass separator. No attempt is made to correct for these fac-
tors as they are intrinsic to the system, thus a corrected value would not provide a realistic
determination of the achievable efficiency of the entire machine.
The use of ISOLDE front-ends, mass separators and beam lines is limited due to the
annual demand for physics, development or commissioning work. Consequently, only one
efficiency measurement per element is typically possible. In the standard (target-transfer
line-hot cavity) configuration used for on-line ISOLDE experiments, there is an additional
laser-atom overlap region in the transfer line, increasing the efficiency of the ionization pro-
cess [12]. The efficiency measured with the (mass marker-hot cavity) configuration, used for
scheme development, could therefore be considered as a lower limit of ionization efficiency.
3 Results and discussion
3.1 RILIS ionization scheme development for mercury
The initial RILIS tests of the {254 nm|313 nm|626 nm} scheme took place prior to the
upgrade to solid state pump lasers [1] and the addition of a complementary suite of Ti:Sa
lasers [13]. Consequently, the ionization scheme was applied as suggested in [4], with the
residual 626 nm laser light used for the final step transition (to what had been reported to
be a favourable part of the ionization continuum). A full characterization of the scheme
was possible in this work using the upgraded RILIS system. The first step 254 nm laser
light was produced by 3ω frequency conversion of light from a Ti:Sa laser and the second
step 313 nm light by 2ω frequency conversion of light produced by a Sirah Credo Dye
laser, operated with an ethanol solution of DCM dye. The third step 626 nm light was
produced by a second Sirah Credo Dye laser, also operated with an ethanol solution of
DCM dye, enabling the wavelength of the final step to be scanned, while measuring the ion
current. Scans of the third step revealed that the region of the ionization continuum around
87 293 cm−1 was not found to be additionally favourable for ionization when accessed
via {254 nm|313 nm|626 nm}, with all three second steps tested exciting to 5d106s6d 1D2,
3D1, 3D2. Consequently, a comprehensive ionization scheme development programme was
embarked upon.








































Fig. 2 a Schematic overview of the ionization scheme development for mercury. b Scans of the first step,
three second steps and the optimal Rydberg resonance. The resonances were scanned while being applied as
part of the the schemes depicted in (a)
Ionization schemes applying each of the three second step transitions were tested. The
final step dye laser was scanned to probe the ionization continuum from each of them, while
operated with ethanol solutions of either Rhodamine 6G, DCM or Phenoxazone 9 dyes.
Rydberg levels were also investigated, exciting from the 5d106s6d 1D2 state. Finally, the
effect of the addition of a non-resonant transition (NR) at 532 nm was tested, again exciting
from each of the second steps, this is presented in Fig. 2a. The resonances corresponding
to the first step, three second steps and the Rydberg level corresponding to the largest ion
signal are presented in Fig. 2b.
The saturation of the second steps was verified. Saturation measurements of the first step
were not fully conclusive, though saturation effects were observed with an estimated 15 mW
of laser power delivered to the ion source. No autoionizing resonances were identified and
the 88 759.6 cm−1 autoionizing state reported in literature [14] was not observed. Based
on the reported odd parity and J = 1, this state should have been accessible from each of
the 5d106s6d 1D2, 3D1, 3D2 states. The laser parameters used for the scheme development
and efficiency measurement are presented in Table 1. The {254 nm|313.18 nm|795 nm}
ionization scheme, ionizing via the Rydberg level shown in Fig. 2, was compared to the
{254 nm|313.18 nm|532 nmNR} scheme with a non-resonant final step to the ionization
continuum using 532 nm light.
Ionization with the non-resonant final step exciting from the 5p3(4S◦)7p 1D2 atomic
state was determined to be four times more efficient than via the Rydberg level. This
was achieved with an estimated 24 W of 532 nm laser light transmitted to the ion source
from the Nd:YVO4 Lumera Blaze laser [16], compared to an estimated 1.2 W of 795 nm
laser light from a Ti:Sa laser. This discrepancy in the signal to power ratio can be under-
stood as resulting from a higher cross-section of excitation to the Rydberg level. The
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Table 1 The schemes originated from the 5d106s21S0 atomic ground state. Spectroscopic information for
known transitions is taken from [14]
Transition Upper state config., term, J Air wavelength laser power
(cm−1) (nm) mW
0 - 39 412.237* 5d106s6p, 3P◦1 253.652 80
39 412.237 - 71 333.053* 5d106s6d, 1D2 313.184 120
39 412.237 - 71 336.005 5d106s6d, 3D1 313.155 120
39 412.237 - 71 396.073 5d106s6d, 3D2 312.567 120
71 333.053 - 83 908.95 (4) Rydberg 794.955† (25) 1 200
71 333.053 - ∼90 121* – 532 24 000
The given laser power is an estimation of the power delivered to the ion source. *Transitions applied for the
efficiency measurement. †Air wavelength calculated using the equation of [15]
{254 nm|313.18 nm|532 nmNR} ionization scheme was therefore determined to be the
optimal one for application at the ISOLDE RILIS.
3.2 RILIS ionization efficiency of mercury
The {254 nm|313.18 nm|532 nmNR} scheme was applied and the dipole mass separator was
set to 202Hg, the isotope of mercury with the highest natural abundance (29.86 (26) % [17]).
The laser parameters used for the efficiency measurement are indicated with an * in Table 1.
A calibrated sample of 1336 nAh of mercury (≈400 nAh of 202Hg) was evaporated from
the independently heated mass marker described in Section 2, while the ion current was
measured with a Faraday cup inserted downstream of the dipole mass separator. The results
are presented in Fig. 3, together with a schematic of the ionization scheme applied during
the efficiency measurement.
An average signal of 13.2 nA was recorded over a period of 1.88 h, this corresponds to an
efficiency of 6 %. This efficiency is a factor of 60 greater than the measured efficiency of the
{254 nm|313.18 nm|626 nm} ionization scheme. During the previous efficiency measure-
ment, the final ionizing transition was an estimated 1.3 W of 626 nm laser light delivered to
the ion source. Considering the fact that the ionizing transitions are accessing different areas
of the ionization continuum and the efficiency was only measured once for each scheme,
this is within expectations.
Following these results, the new RILIS scheme was applied using the anode cavity of a
VADIS (ISOLDE’s FEBIAD type) ion source as the laser atom interaction region, described
in [18]. The extracted mercury ion currents when using either the arc discharge ionization
process or the element selective RILIS ionization process were found to be equivalent, sug-
gesting a comparative efficiency under on-line conditions. The new ionization scheme was
then successfully applied for an in-source resonance ionization spectroscopy of mercury
experiment, extending the hyperfine structure measurements four isotopes further towards
the neutron dripline to 177Hg and two isotopes further in the neutron rich direction up to
208Hg [19].
3.3 RILIS ionization efficiency of tellurium
The new RILIS ionization scheme for tellurium of {214 nm|573 nm|901 nm} (described
in [9]) was applied and the dipole mass separator was set to 130Te, the isotope of tellurium











Fig. 3 The measured ion current over the period of the efficiency measurement, together with a schematic
of the ionization scheme that was applied. Additional laser parameters are presented in Table 1
Table 2 The resonant transitions for the scheme originating from the 5p4 3P2 atomic ground state applied
during the tellurium ionization scheme efficiency measurement
Transition Upper state config., term, J Air wavelength laser power
(cm−1) (cm−1) (nm) (mW)
0 - 46 652.738 5p3(4S◦)6s, 3S◦, 1 214.281 13
46 652.738 - 64 088.997 5p3(4S◦)7p, 3P, 1 573.360 4 000
64 088.997 - 75 181.41 (20) - 901.270 (17) 1 300
The given laser power is an estimation of the power delivered to the ion source. Spectroscopic information
taken from [9]
with the highest natural abundance (34.08 (62) % [17]). The laser parameters during the
tellurium efficiency measurements are presented in Table 2.
A calibrated sample of 1000 nAh of tellurium (≈340 nAh of 130Te) was evaporated from
the independently heated mass marker described in Section 2, while the ion current was
measured with a Faraday cup inserted downstream of the dipole mass separator. The results
are presented in Fig. 4 together with a schematic of the ionization scheme that was applied
during the measurements.
A data acquisition malfunction resulted in the loss of the Faraday cup measurements
towards the end of the measurement. However, sufficient data was recorded to enable a reli-
able extrapolation of the ion current to cover the missing data points using an exponential
decay function. This is depicted in Fig. 4 as a dashed (red) line. The accuracy of the extrap-
olation was aided by the possibility to measure the ion current once the correct functioning
of the data acquisition system had been recovered, providing an end point for the exponen-
tial extrapolation. The increase in the ion signal at the end of the efficiency measurement
corresponds to a final heating of the mass marker capillary. Due to time constraints, it was















Fig. 4 The measured ion current over the period of the efficiency measurement, together with a schematic
of the ionization scheme that was applied. Additional laser parameters are presented in Table 2
necessary to stop the measurement while the ion rate was stable and equivalent to 0.6 % of
efficiency/hour. This indicates there was a significant amount of tellurium remaining in the
system. As there was not sufficient data to reliably extrapolate the decay of the ion rate fol-
lowing the final heating, only the data shown in Fig. 4 was included in the evaluation of the
efficiency. An average signal of 4.8 nA was recorded over a period of 12.98 h, this corre-
sponds to an efficiency of 18 % which is considered to be a lower limit for the efficiency of
the scheme.
4 Conclusions
An optimal RILIS ionization scheme of {254 nm|313.18 nm|532 nmNR} was determined
for mercury. A scheme of {254 nm|313.18 nm|795 nm}, ionizing via a Rydberg level, cor-
responded to a factor of four lower ion current at typical laser power levels available at the
ISOLDE RILIS for these wavelengths. No autoionizing resonances were observed, includ-
ing the autoionizing state reported in literature at 88 759.6 cm−1. The efficiency of the new
RILIS ionization scheme for mercury of {254 nm|313.18 nm|532 nmNR} was determined
to be 6 %, a factor of 60 higher than the previously measured efficiency of 0.1 % with a
scheme of {254 nm|313 nm|626 nm}. The efficiency of the new RILIS ionization scheme for
tellurium ({214 nm|573 nm|901 nm} reported in [9]) was determined to be >18 %, with a
significant amount of tellurium remaining in the system at the end of the measurement. The
mercury scheme has already been applied at ISOLDE for a successful in-source resonance
ionization spectroscopy experiment. The scheme was demonstrated to have an ionization
efficiency equivalent to that of the ISOLDE VADIS ion source under standard on-line con-
ditions [18]. The application of the new mercury scheme has been requested for a number of
future ISOLDE experiments, due to the selective method of ionization offered by the RILIS.
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